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Abstract
This study investigated the removal of an organic drug called ibuprofen from the wastewater containing
this drug. Iron oxide supported on modi�ed Iranian clinoptilolite was used as the photocatalyst in the
presence of the light of a solar lamp. XRD, SEM, EDAX and FT-IR analyses were performed to detect the
prepared photocatalyst. The results of photocatalytic identi�cation analyses proved the suitable loading
of iron oxide supported on modi�ed Iranian clinoptilolite. This study investigated the effect of initial
concentration of ibuprofen (5–25 mg/L), photocatalyst concentration (100–300 mg/L), and process time
(10–240 min) on the removal from ibuprofen from wastewater containing this drug. The experiments
were performed in a setup in the presence of a solar lamp with a �ux of 300 W/m2. The results indicated
that with the initial ibuprofen concentration of 25 mg/L, photocatalyst concentration of 300 mg/L, and
time of 210 min, the highest percentage of ibuprofen removal was 99.80%. Kinetic modeling was then
performed using the Langmuir-Hinshelwood model, and a quasi-�rst-order kinetic model showed a good
agreement with the results obtained. Finally, the recovery of the photocatalyst was investigated and the
results showed that under optimal conditions about 91% of ibuprofen was removed after �ve re-uses of
the photocatalyst.

1. Introduction
Access to clean water is the main problem of human. The shortage of drinking water in many parts of the
world has turn into an emergent concern in recent years. The evolution of new technologies and industrial
processes has been associated with an increase in the use of chemicals to produce new products. Water
resources are often contaminated through the entry of common contaminants including painting
materials, heavy metals, as well as microorganisms that cause various diseases (Gopinath et al. 2020).

About 9,000 chemical compounds are currently used for pharmaceutical applications worldwide. These
compounds generally form a diverse range of chemical structures (Arthur et al. 2018). During the last few
decades, drugs have been considered as one of the most important groups of water pollutants (Apopei et
al. 2020). These pollutants include other items such as pesticides and personal care products and illegal
incendiary substances, food supplements, etc. This type of contaminants is increasingly being produced
in the pharmaceutical industry, and every concentration of these emerging contaminants in aqueous
media (from micrograms to nanograms per liter) can affect aquatic organisms and human health
(Candido et al. 2016).

Ibuprofen (IBU) is one of the most widely used drugs, which is slightly soluble in water, but is soluble in
most organic solvents (Gu et al. 2019). This anti-in�ammatory drug is used to treat menstrual pain and
in�ammation worldwide (Zhou et al. 2020). Ibuprofen has the potential to cause gastrointestinal bleeding
and heart diseases.

Hence, it is essential to utilize an effective method to treat this drug. There are several methods for
removing ibuprofen, including the use of the adsorption process, activated carbon, microbial bio�lters,
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membranes-based biological or physical processes, and advanced oxidation processes (Kang et al.
2014). Heterogeneous photocatalytic process is one of the most important studied methods; this method
has several advantages including environmental protection, energy conservation, and cost-effectiveness
(Sarafraz et al. 2020).

Because of the high applicability of Zeolite, it has been known investigated in many studies for over 200
years. It has several advantages including high ion exchange capability and material absorption and low
cost; moreover, it is mostly used in the �eld of energy generation for pollution control and adsorption
(Aghel et al. 2020). Environmental problems caused due to the consumption of traditional fossil fuels
also encourage the development of renewable energy sources. Among the various types of clean energy,
solar energy has received much attention. Solar energy has advantages such as high capacity and
generality, though its decentralized nature is still a major challenge hindering practical applications
(Zhang et al. 2020). Taking the mentioned items into consideration, a number of studies have been
conducted on the removal of ibuprofen via photocatalytic methods.

In a study, a new Bi2O4/Fe3O4 superparamagnetic nanocomposite was successfully prepared using the
in-situ growth method and used for the photocatalytic removal of ibuprofen. Bi2O4/Fe3O4 (2.5:1) was
magnetically recycled and demonstrated good reusability without signi�cant loss of photocatalytic
activity or structural change even after �ve cycles of reuse, which is promising for photocatalytic
degradation of medicinal and hygienic contaminants from water (Xia and Lo 2016). A group of
researchers investigated the mechanisms of photocatalytic degradation of ibuprofen via BiVO4 in
aqueous media. The results showed that the prepared photocatalyst corresponded to the pure monoclinic
scheelite of BiVO4 phase. With increasing the initial IBU concentration, the rate of photocatalytic
degradation of ibuprofen decreased. The degradation process followed the �rst-order kinetic model (Li et
al. 2016). Another study investigated the degradation of ibuprofen using diodes emitting ultraviolet light
(UV-LEDs) in a TiO2 photocatalyst. Using a TiO2/UV-LED system, the experiments were conducted on
examples of ultra-pure water (UP) and secondary treated wastewater of a municipal wastewater
treatment plant, both with IBU, as well as with a highly concentrated IBU (230 mg/L) obtained from
pharmaceutical wastewater. The results indicated that the system was very e�cient in removing this
contaminant (Jallouli et al. 2018). In another study, BiOI microspheres were doped with different amounts
of Ti and used to remove diclofenac from water under visible light. The results showed that Doped BiOI
microspheres could be used as a cost-effective and e�cient material for the effective degradation of
newly growing pollutants (e.g. pharmaceuticals) from wastewater under light conditions (Liu et al. 2019).
In a study, researchers investigated the adsorption and photocatalytic activity of titanium dioxide (TiO2)-
boron nitride (BN) nanocomposite to remove new ibuprofen contaminants in water as a model
compound. TiO2 nano�bers wrapped by BN nano�bers were synthesized using electrospinning synthesis
method. The experimental results showed that photocatalytic oxidation using TiO2-BN nanocomposites
was a multi-step process and the interactions between ibuprofen molecules and TiO2-BN
nanocomposites controlled the adsorption process (Lin et al. 2019). In one study, a heterogeneous Z-
design g-C3N4/TiO2/Fe3O4@SiO2 (gCTFS) heterogeneous nanophotocatalyst with high magnetic
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recyclability was synthesized through the sol-gel method using only a small amount of g-C3N4 ultra-thin
nanosheets. This nanophotocatalyst was able to remove 97% of ibuprofen from visible light after 15
minutes of continuous irradiation of 330 W/m2 (Kumar et al. 2018). A group of researchers studied the
degradation of an anti-in�ammatory and antipyretic drug (ibuprofen) using advanced photocatalyst-
based oxidation processes. Catalysts (TiO2 and ZnO) were used together with arti�cial ultraviolet and
solar radiation to produce highly oxidizing species, which led to the degradation of IBP into intermediates
and eventually to carbon dioxide and water (Tanveer et al. 2019). Another study examined the removal of
ibuprofen using activated carbon impregnated with TiO2. In the mentioned study, the emphasis was on
the effect of various parameters, such as the type of composite, initial concentration of ibuprofen (5–25
mg/L), temperature (22–28 ºC), and pH (acidic and alkaline solution). The experiment was performed in
a tubular current reactor with a monochromatic 15 W lamp (254 nm). Due to the synergy of light
absorption and degradation, AC90T10 composite provided the highest removal rate of ibuprofen solution
(92%) under UV light during 4 h (Gu et al. 2019).

A study examined the simultaneous production of hydrogen and the decomposition of ibuprofen using a
homogeneous photocatalyst, which was made by adding Au nanoparticles to the surface of a batch of
TiO2 mesocrystals to improve material properties. Using this method, effective separation was achieved,
which was essential for redox reactions; this method creates new opportunities for the development of
energy e�cient methods for the degradation of this type of pollutants (Yao et al. 2020).

In this study, iron oxide/modi�ed Iranian clinoptilolite (FeO/MIC) was used as a photocatalyst to remove
ibuprofen from aqueous solution in an open channel under solar lamp light. The effect of various
operational variables such as initial concentration of ibuprofen, photocatalyst concentration (FeO/MIC),
and process time were investigated. The results indicated the high capacity of FeO/MIC in the
photocatalytic process of ibuprofen removal. In addition, in this study, a quasi-�rst-order kinetic model for
the ibuprofen removal reaction in the presence of a photocatalyst was investigated. The results indicated
the high accuracy of the kinetic model.

2. Materials And Methods
2.1. Materials

Iranian clinoptilolite zeolite (Semnan, Iran) was obtained from Afrand Tosca Company. Moreover, ferrous
sulfate heptahydrate (FeSO4.7H2O) obtained from Merck (> 99%) was used to coat the photocatalyst
layer and ibuprofen obtained from Merck (> 99%) was used to make a synthetic solution of drug
contaminant. The composition and physicochemical properties of this substance (ibuprofen) are
presented in Table 1. Chloric acid obtained from Merck (> 99%) was used to modify the zeolite and NaOH
obtained from Merck (> 99%) was used to neutralize the zeolite. Deionized water was used in all stages of
the experiment.

2.2. Preparation of FeO/MIC photocatalyst
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In this study, iron oxide supported on modi�ed Iranian clinoptilolite was used as the photocatalyst. First,
in order to improve the properties of Iranian clinoptilolite (increasing the speci�c surface area and
reducing the particle size), consistent with a research by Aghel et al. ( Aghel et al. 2020), the necessary
modi�cations were made. Then, using FeSO4.7H2O, the modi�ed Iranian clinoptilolite developed
photocatalytic properties. Accordingly, for every 20 g of modi�ed Iranian clinoptilolite, 200 mL of a
solution of 0.2 m of ferrous sulfate heptahydrate was added and the mixture was stirred for 24 h at
ambient temperature at 400 rpm. After �ltration, the sample was washed with water and then dried at 120
°C for 24 h, and �nally calcined at 500 °C for 2 h.

2.3. Method of performing experiments

In this study, a photocatalytic process in an open channel was performed to remove ibuprofen from the
wastewater containing this drug. The feed containing medicinal wastewater made with a certain
concentration of ibuprofen and certain amounts of photocatalyst of FeO/MIC was tested at the
mentioned channel at different times (the open channel was placed inside a dark box and solar lamps
were installed inside the box). The feed solution was poured into a tank which entered the setup using a
centrifugal pump and was exposed to the light of solar lamps (300 W/m2). In order to increase the mixing
between the wastewater and the photocatalyst, 18 mixers were placed in different parts of the channel.
After the passage of a speci�ed period of time, the treated sample was taken out of the setup and after
the removal of the magnetic photocatalyst from the treated wastewater by a magnet, the �nal sample
was prepared to determine the rate of ibuprofen removal. The schematic of the setup prepared for all the
experiments is presented in Figure 1.

A UV-visible spectrophotometer (PG Instruments, England, Model: T80 ++) was used to measure the
concentration of the drug (ibuprofen). The calibration curve of the device was drawn separately by
preparing solutions with different concentrations of ibuprofen. The studied variables included the initial
concentration of ibuprofen, process time, and the photocatalyst concentration (FeO/MIC). The rate of
ibuprofen removal was calculated using Equation 1:

where Cd,i is the initial concentration of ibuprofen in mg/L and Cd,t is the concentration of ibuprofen at
time t in mg/L.

2.4. Photocatalyst (FeO/MIC) characterization 

XRD, SEM, EDAX and FT-IR analyzes were performed to identify the photocatalyst (iron oxide supported
on modi�ed Iranian clinoptilolite) as well as the modi�ed Iranian clinoptilolite prepared in this study. XRD
pattern of the samples was prepared by a Philips X-ray diffractometer model PW 1730 (Anode material of
Cu and  ). Data intensities were plotted in terms of 2q in a range of 10.25-79.95º with a pace of 0.05º.
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The surface morphology and surface particle size of the samples were obtained via SEM analysis (MIRA3
TESCAN). In addition, energy scattering and quantitative analysis of photocatalyst were performed via
EDAX analysis using SEM device. FT-IR spectroscopy of the samples was performed by Thermo Nicolet
AVATAR 360 FTIR to determine the functional groups in each sample.

2.5. Photocatalyst recovery

Because of cost savings and environmental issues, the recovery of the catalysts used in various
processes is of great importance. In this study, the photocatalyst was recovered under optimal operating
conditions. In the recovery process, the magnetic photocatalyst (FeO/MIC) was �rst separated from the
re�ned sample by means of a strong magnet. The isolated photocatalyst was then washed several times
with deionized water to remove impurities and after drying was used again as a photocatalyst in the next
step.

3. Results And Discussion
3.1. Photocatalyst characterization

XRD analysis was used to determine the shape of the crystals in the photocatalyst and its support. Figure
2 presents XRD diagrams of modi�ed Iranian clinoptilolite and iron oxide supported on modi�ed Iranian
clinoptilolite. As shown in this �gure, there are a large number of peaks in the diagram of the modi�ed
Iranian clinoptilolite that indicate the presence of silicon oxide crystals (JCPDS card no. 01-076-0939 and
JCPDS card no. 00-044-0696). The peaks for JCPDS card no 01-076-0939 in 2q are equal to 22.1, 28.5,
36.4, and 65.3 and for JCPDS card no 00-044-0696 in 2q are equal to 10.3, 11.6, 17.6, 22.8, and 23.2. In
addition, calcium silicate crystals (JCPDS card no 01-087-1260) in 2q are equal to 30.5, 32.3 and 57.6
and calcium magnesium silicate crystals (JCPDS card no 01-083-1819) in 2q are equal to 13.6, 26.5,
30.5, 49.2, 62.5, and 74.9. With loading ferrous sulfate heptahydrate on the modi�ed Iranian clinoptilolite,
the crystals of iron sulfate (JCPDS card no 01-073-0148) and sodium aluminum silicate (JCPDS card no
01-076-0898) at 2q are simultaneously equal to 14.9, 20.3 , 21.8, 23.8, 24.7, 26.7, 29.8, 31.3, 32.6, 36.0,
42.7, 47.0, 50.8, 53.5, 59.2, 61.8, 64.8 and 77.4. XRD diagrams show a similar trend in the peaks in the
MIC and the FeO/MIC photocatalyst, and new peaks are formed due to the presence of Fe and Fe2+ in the
FeO/MIC photocatalyst.

SEM analysis was used to evaluate the morphological and surface characteristics of MIC and FeO/MIC
(Figure 3). As presented in Figure 3-a, MIC crystals have layered or a layer-like structure. The SEM image
of the FeO/MIC sample (Figure 3-b) also presents the same MIC structure. As a result, MIC crystals are
not affected by Fe2+ and FeO loading.

The EDAX spectrum of the FeO/MIC sample is also presented in Figure 4. Based on the results of EDAX
analysis, the percentage of elements were C: 3.45 wt. %, O: 52.80 wt. %, Na: 0.18 wt. %, Mg: 0.29 wt. %, Al:
2.38wt. %, Si: 23.56 wt. %, S: 6.64 wt. %, K: 0.59 wt. % and Fe: 10.11 wt. %.
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The analysis of FT-IR spectra is a very important technique for determining the characteristics of
functional groups as well as the changes of these groups in photocatalysts. FT-IR spectrum of the
modi�ed Iranian clinoptilolite is presented in Figure 5-a and the spectrum of iron oxide supported on
modi�ed Iranian clinoptilolite is presented in Figure 5-b.

Figure 5 presents the main groups at peaks of 471, 611, 798, 952, 1090, 1632, and 3438 cm-1 in the MIC.
The group at 472 cm-1 is related to the stretching vibrations of the Al-O bond, while the peaks at 798 and
1090 cm-1 are related to the Si-O-Si bond (Chávez et al. 2010). Vibration bonds located at 1632 and 3438
cm-1 indicate the tensile frequency of the hydroxyl functional group (OH) (Han et al. 2010). Figure 5 also
presents the FT-IR spectrum of the FeO/MIC sample used to investigate changes due to the presence of
FeO in the modi�ed Iranian clinoptilolite. Breck showed that with inserting metal cations into a zeolite
structure, some minor changes may occur in the position of the peaks located to the right of the tensile
bond of TOT or OTO (T = Al or Si) (Breck 1984). Minor variations in peaks can be observed at 475, 623,
794, 1112, 1637, and 3455 cm-1 in the FeO/MIC spectrum. There is also a peak at 661 cm-1, indicating the
presence of FeO in the MIC structure. Similar results have been observed in previous studies that used a
combination of some metal cations and sul�des or oxides related to different zeolites (Nezamzadeh-
Ejhieh and Khorsandi 2010; Nezamzadeh-Ejhieh and Hushmandrad 2010; Nezamzadeh-Ejhieh and Salimi
2010).

3.2. Effect of operational variables on ibuprofen in the wastewater

In this study, the effect of different variables including the initial ibuprofen concentration, photocatalyst
concentration (FeO/MIC), and process time on the removal of ibuprofen in the wastewater was
investigated. The initial concentration of ibuprofen (Cd,i) was studied in the range of 5-25 mg/L, the
concentration of photocatalyst (CFeO/MIC) in the rang of 100-300 g/L, and the process time (t) in the range
of 10-240 min.

Figure 6 shows the percentage curves of ibuprofen removal over time at different photocatalyst
concentrations (FeO/MIC). As shown in the diagrams in this �gure, the amount of ibuprofen in the
wastewater decreased over time. With the passage of time up to 120 min, the slope of ibuprofen removal
decreased, but the overall percentage of ibuprofen removal increased. At 150 min, the percentage of
ibuprofen removal was almost constant over time, but until the end of 240 min, the dye removal rate was
slightly increased.

As can be observed in the diagrams in Figure 6, the concentration of the photocatalyst plays an important
role in the rate of ibuprofen removal. With increasing the concentration of the photocatalyst from 100
mg/L to 300 mg/L, there was an increasing trend in the removal of ibuprofen in the wastewater
containing this drug. In addition, comparing Figures 6-a, 6-b, and 6-c, it is clear that with increasing the
initial concentration from 5 mg/L to 15 mg/L (at all the photocatalyst concentrations), there was a
relatively proper increasing trend in the removal of ibuprofen from the wastewater containing this drug.
With increasing the initial concentration of ibuprofen from 15 mg/L to 25 mg/L, the increasing trend of
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ibuprofen removal continued, but the rate of increase in ibuprofen removal was lower than the state when
the initial concentration changed from 5 mg/L to 15 mg/L.

According to the results presented in Figures 6-a, 6-b and 6-c, the initial concentration of 25 mg/L,
photocatalyst concentration of 300 mg/L, and the process time of 210 min can be introduced as the
optimal operating conditions. Under the mentioned condition, the removal rate of ibuprofen is 99.80%.

3.3. Kinetic modeling of photocatalytic process

Normally, the kinetics of photocatalytic reactions are consistent with the Langmuir-Hinshelwood model
(Faramarzpour et al. 2009; Zhang et al. 2012):

where   is the pollutant removal rate in mg/(L.min) after the time t in min, C is the pollutant concentration
in mg/L, k is the reaction rate constant in mg/(L.min), and   is the constant of Langmuir-Hinshelwood
absorption equilibrium in L/mg. When the initial concentration (C0) is about mM ( C0 is very small), the
equation can be simpli�ed to a quasi-�rst-order equation as follows:

where k'=kK in min-1 is a quasi-�rst-order reaction constant, and its value is obtained through plotting the

diagram of  in terms of time.

Figure 7 indicates that  has a linear relationship with t, which is proved by a high correlation
coe�cient (R2>0.95). Table 2 presents the constant values of quasi-�rst-order reaction (k') for different
conditions (different values of the initial ibuprofen concentration and the photocatalyst concentration) in
the ibuprofen removal photocatalytic reaction. As shown in this table, with increasing the initial
concentration of ibuprofen as well as increasing the photocatalyst used, the value of the constant of
reaction increases. A similar trend was observed in a study by Mousavi Mortazavi et al. that investigated
the elimination of furfural (Mousavi-Mortazavi and Nezamzadeh-Ejhieh 2016).

3.4. Recovery and reusability of FeO/MIC

The process of photocatalyst recovery was performed according to the mentioned method under optimal
conditions (the initial ibuprofen concentration of 25 mg/L and the adsorbent concentration of 300 mg/l
and the process time of 210 min). In order to recover the magnetic photocatalyst (FeO/MIC), a strong
magnet was used �rst to separate FeO/MIC from the re�ned sample. The isolated FeO/MIC was then
washed several times with deionized water and after drying, it was used again as a photocatalyst in the
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next step. Figure 8 presents a summary of the results of tests on photocatalyst recovery. As presented in
this �gure (Figure 8), after re-use of the photocatalyst for �ve times, the removal rate of ibuprofen was
still above 91%, and �nally, in the sixth and seventh re-use, the ibuprofen removal rate was decreased to
about 83% and 70%, respectively. These results indicate the high potential of the photocatalyst used in
this study during the recovery process.

4. Conclusion
The removal of pharmaceutical contaminants from wastewater is one of the topics that has been
investigated in many studies. In this study, iron oxide supported on modi�ed Iranian clinoptilolite was
used as a photocatalyst in the presence of a solar lamp to remove ibuprofen from the wastewater
containing this drug. The effect of the initial ibuprofen concentration, the photocatalyst concentration
(FeO/MIC), and the process time were investigated as three important parameters involved in this
process. The results indicated that the photocatalyst used had a high potential for removing ibuprofen.
Furthermore, in this study, a quasi-�rst-order kinetic model was investigated for modeling and the results
showed that the proposed model had a satisfactory level of accuracy. Finally, the photocatalyst was
recovered under optimal operating conditions, and after reusing the photocatalyst for �ve times, the rate
of ibuprofen removal from the wastewater containing this drug was about 91%.
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Tables
Table 1. Composition and physicochemical characteristics of ibuprofen used in this study.

Solubility in water,
g/l

Λmax,
nm

M,
g/mol

Molecular structureChemical
formula

Drug
name

0.021224206.29C13H18O2Ibuprofen

Table 2. Ibuprofen removal reaction rate constant as a function of the initial concentration of ibuprofen
and FeO/MIC photocatalyst.

 Cd,i, mg/L CFeO/MIC, mg/L  k'×102, min-1  R2

5 100 1.51 0.9744

5 200 1.82 0.9752

5 300 2.21 0.9746

15 100 1.69 0.9513

15 200 2.13 0.9674

15 300 2.89 0.9868

25 100 1.72 0.9710

25 200 2.30 0.9871

25 300 2.86 0.9899
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Figures

Figure 1

Schematic of the setup used in this study to remove ibuprofen through the photocatalytic process using
FeO/MIC.

Figure 2
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XRD patterns of MIC and FeO/MIC samples.

Figure 3

Scanning electron microscopy (SEM) images; (a) MIC, (b) FeO/MIC.
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Figure 4

EDAX spectrum for FeO/MIC.

Figure 5
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FT-IR spectrum for MIC and FeO/MIC.

Figure 6

Diagrams of Ibuprofen removal over time at different concentrations of FeO/MIC photocatalyst; a) Initial
ibuprofen concentration of 5 mg/L, b) Initial ibuprofen concentration of 15 mg/L, c) Initial concentration
ibuprofen of 25 mg/L.
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Figure 7

See image above for �gure legend
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Figure 8

Results of photocatalytic recovery (FeO/MIC) in the process of ibuprofen removal from the wastewater
under optimal operating conditions (Cd,i=25 mg/L  CFeO/MIC=300 mg/L and t=210 min).


